Abstract: A generalized circuit topology and synthesis method for multiband bandpass filters with controllable center frequencies and bandwidths are proposed based on a semi-hidden multi-mode coupling element. The socalled semi-hidden multi-mode coupling element is a Π-shape multi-mode J inverter constructed by a transmission line and two multi-mode capacitors at two ends, and the multi-mode capacitors are merged or hidden into nearby multi-mode resonators, modifying the equivalent LC circuits of the multimode resonators at the passbands. The multi-mode J inverter gets simplified and only a connecting line needs to be implemented, which simplifies highorder multi-band bandpass filter design. For validating the filter topology and synthesis method, the circuit and design example of triple-band bandpass filter are presented by using triple-stub triple-mode resonators, and a genetic algorithm is used for extracting the parameters of the triple-mode resonators. Good features including controllable bandwidths, high isolations are achieved. Keywords: multi-band bandpass filter, semi-hidden multi-mode coupling element, multi-mode J inverter, multi-mode capacitor, tri-band filter, genetic algorithm Classification: Microwave and millimeter-wave devices, circuits, and modules
Introduction
With the increased requirements of wireless communication, various kinds of communication standards, such as GSM, DCS, TD-SCDMA, WCDMA, CDMA2000, TD-LTE and so on, working at different frequency bands, have been developed. For realizing compact dimensions and enhanced functions, base stations and mobile terminals that support multiple communication standards are becoming popular. Corresponding to this trend, the transceivers are required to work on more frequency bands, demanding various multi-frequency microwave components, such as multi-band bandpass filters to construct multi-band RF frontends.
In the past ten years, a number of multi-band filter solutions have been proposed. Early solutions realize multi-band response by cascading a bandpass and a bandstop filters [1] or by parallel connecting bandpass filters [2, 3] , and two or more pre-designed filters and even extra impedance matching networks are needed, thus resulting in large dimensions. A mutual-embedding structure of bandpass filters and bandstop filters can result in double passbands with compact dimensions [4] , but complete synthesis method is absent and circuit optimization is required. Microstrip and DGS (defected ground structure) resonators implemented on two sides of a substrate are combined to realize multiple passbands with large design difficulty, due to interferences between the two layer circuits [5, 6] . Multimode resonators, including stepped-impedance resonators (SIR) [7] , stub-loaded resonators (SLR) and hybrid structure resonators of SIRs and SLRs [8, 9] are adopted in realizing multi-band filters with much higher circuit efficiency and compacter dimensions, but design complexity is greatly increased. Generally multimode resonator filters are difficult in assigning bandwidths separately due to limited number of design freedoms for internal and external couplings. Moreover long-time full-wave simulation for coupling dimension design and full filter optimization are required. Due to the difficulties above, it is not easy to increase the filter order and only symmetric second-order design examples are given in most related publications.
Simplicity of coupling circuit is a very critical aspect in designing high-order multi-band bandpass filters with high rejection and isolation. A section of transmission line is used as simple coupling circuit between triple-mode resonators for realizing triple-band bandpass filter with no limit in filter order [10] , and specified bandwidths can be approximately achieved, but the passband flatness and return losses are poor since the transmission lines are not quarter-wave lines at all frequencies and cannot be regarded as ideal multi-mode J inverters. A so-called dual-behavior resonator [11] is acting as a multi-mode resonator and is only used to realize 1 st order multi-band filter, since lacking of multi-mode coupling elements.
This paper aims in providing complete synthesis method for multi-mode multi-band filters using connecting lines as simple coupling elements. By adding two multimode capacitors to the ends of a connecting line, an ideal multi-mode J inverter is achieved. The multi-mode capacitors do not need to be implemented and are absorbed by nearby multi-mode resonators, modifying the equivalent parameters of the multi-mode resonators, and the specified bandwidths are achieved by designing multi-mode resonators based on required susceptance plots within the passbands.
2 Theory and methods 2.1 Topology and theory of multi-mode multi-band filters Classical bandpass filter as shown in Fig. 1 (a) always contains several resonators, internal coupling J inverters, and external J inverters as well. Correspondingly, for realizing multiple passbands, we need to replace the resonators of Fig. 1(a) with multi-mode resonators, which resonates at several frequencies with certain susceptance slopes. Meanwhile multi-mode J inverters are needed for realizing ideal coupling at several frequency bands, as shown in Fig. 1(b) .
In Fig. 1(c) we use several Π-shape multi-mode J inverters, and each contains a section of transmission line and two multi-mode capacitors at the ends. Every socalled multi-mode capacitor has different capacitance values at different frequency bands, and cannot be implemented in practical. The multi-mode capacitors will be absorbed by nearby multi-mode resonators and disappear, and this is why we call the J inverters as semi-hidden multi-mode J inverters.
As an example, the k th and the ðk þ 1Þ th multi-mode resonators MR k and MR kþ1
are coupled by a Π-shape multi-mode J inverter J Mk;kþ1 which is also shown in Fig. 1(e) . The transmission line has characteristic impedance of Z ck;kþ1 and electrical length of ck;kþ1 , we can get the values of the multi-mode capacitor C bk;kþ1
and J values at all frequency bands as [12] :
where i ck;kþ1 is the electrical length of the transmission line at the i th center frequency ! i . Two hypothetic multi-mode lines with electrical length of =4 at all frequency bands and characteristic admittance of Y 0 can be used at the input and output ports, respectively acting as the input and output multi-mode J inverters with J value of Y, as shown in Fig. 1 (c). And we have:
The multi-mode lines can be removed or replaced with transmission lines of fixed lengths and characteristic admittance of Y 0 as shown in Fig. 1(d) , without changing the amplitude responses at each band. The replacements of the multi- mode lines with fixed length lines will incur outward port movements with phases of Á i ¼ 01 À =2 and Á o ¼ n;nþ1 À =2 at the passbands, and we can give the relationship between the scattering matrixes S 0 and S of Fig 
It is obvious that the amplitude responses of a multi-band bandpass filter of Fig. 1 (c) will be kept in Fig. 1(d) .
After all the multi-mode coupling elements have been given, we can decide the circuit parameters of the multi-mode resonators according to the required frequencies and bandwidths. The k th multi-mode resonator is equivalent to a parallel LC resonator at the i th passband with the element values list as [13] :
where g 0 ; g 1 ; . . . g nþ1 are the element values of an n th -order prototype lowpass filter, and ! i and W i are the center frequency and fractional bandwidth of the i th passband,
is the cutoff frequency of the prototype lowpass filter and equals to unit. Here the k th multi-mode resonator has a susceptance slope at the i th frequency band as:
As shown in Fig. 1(f ) , the two nearby multi-mode capacitors C bðkÀ1Þ;k and C bk;kþ1 can be merged into the k th multi-mode resonator MR k , resulting in a new simplified multi-mode resonator MR 0 k with modified equivalent circuit parameters at all bands. Then the multi-mode capacitors are hidden, not need to be implemented. This is done by updating the equivalent circuit parameters at m frequency bands. At the i th passband, the equivalent LC circuit of MR k , C 
ði ¼ 1; 2; 3 . . . mÞ ð 6Þ
By merging the multi-mode capacitors into the multi-mode resonators and by removing the input and output multi-mode transmission lines, we can get a simplified topology of multi-band filter as shown in Fig. 1(d) . We can see the simple circuits of transmission lines are acted as coupling elements, which greatly simplifies the realization of high-order multi-band filters. The multi-mode capacitors are merged into the multi-mode resonators and do not need to be implemented, thus the multi-band bandpass filter has no theoretical limitation for the number of passbands. The next task is to construct multi-mode resonators and extract the circuit parameters for achieving needed susceptantce values of the passbands determined by the equivalent LC values given in (6) .
Some more explanations should be given on how the topology with simple and fixed lines as coupling elements can provide controllable bandwidths. A common understanding in multi-band filter design is that the bandwidths are determined by the coupling coefficients and external Q factors that can be obtained by introducing multiple design freedoms in couplings, but this is only necessary when universal multi-mode resonators are used. In this multi-band filter topology, the multi-mode resonators are designed differently from each other, providing not only the needed resonating frequencies, but also required susceptance slopes [13] , which determine the internal couplings and external Q factors of all the passbands, though only simple connecting transmission lines are used between the resonators and at the ports.
Taking the external Q factors as example, we have [13] :
It is obvious that the external Q factors at the i th band are only related to the i th fractional bandwidth and the prototype circuit element values, due to the proper setting of the susceptance slopes given in (5).
Triple-mode resonator circuit and parameter extraction
In this paper we hope to design triple-band bandpass filters for demonstrating the feasibility of the generalized topology and synthesis method of the multi-band bandpass filters. We propose a triple-stub triple-mode resonator, which contains three connected shunt stubs as shown in Fig. 2 . At least one stub needs to be shorted at the end, ensuring rejection at DC. Three types of possible triple-mode Fig. 1(d) will not resonate exactly at the center frequencies of the passbands, as the multi-mode capacitors are emerged inside. And the design goal of a triple-stub triple-mode resonator is to achieve certain input susceptance within the passbands determined by the equivalent LC values at the passbands. Considering the linearity of the input susceptance within the passbands, we only need the susceptance values of the triple-stub resonator at the passband edges agree exactly with those of the equivalent LCs.
Considering that the stubs of the triple-mode resonator of Fig. 2 have electrical lengths of 1 , 2 , 3 at the lowest center frequency f 1 , and characteristics impedances of Z 01 , Z 02 , Z 03 the input susceptance can be given according to stub type as:
Proper triple-stub type and circuit parameters should be selected that the goal susceptance values at the edge frequencies of all the passbands can be achieved:
where f iL and f iH are the lower and upper frequency edges of the i th passband.
A genetic algorithm [14] is adopted in this paper for searching the global optimal parameters of a triple-mode resonator, including the triple-stub type, electrical lengths and characteristic impedances of the three stubs. And a proper fitness function is:
The designed triple-stub resonator will have susceptance zeros around the three passbands, and susceptance poles between every two adjacent passbands, according to Foster's reactance theorem [15] . Correspondingly, for an n th order triple-band bandpass filter, there are n transmission zeros between every two adjacent passbands, providing high isolations between passbands. By now, a design guide can be listed here for triple-band bandpass filter: 1, Select proper filter order, prototype lowpass filter parameters according to the specifications including cutoff frequency and ripple factor.
2, Select the electrical lengths and characteristic impedances of the connecting transmission lines between the multi-mode resonators. Calculate the multi-mode capacitor values and J values of each semi-hidden multi-mode J inverter at all the three passbands. Noted that the parameters are also design freedoms and one can try different values for achieving practical design which is easy to be fabricated.
3, Compute the equivalent LC values of every multi-mode resonator at every passband using (4) . Merge the multi-mode capacitors into the nearby multi-mode resonators, and modify the equivalent LC values of the multi-mode resonators with (6).
4, Use triple-stub circuits for realizing triple-mode resonators and extract the circuit parameters, including the stub types, electrical lengths and characteristic impedances, by using a genetic algorithm.
5, Implement a triple-band bandpass filter in microstrip or other forms, according to the computed circuit parameters.
Design example and results
A triple-band bandpass filter is designed at the center frequencies of f 01 ¼ 0:9 GHz, f 02 ¼ 1:7 GHz and f 03 ¼ 2:45 GHz. The bandwidths are specified as (4) we can compute the equivalent circuits of MR 1 , MR 2 and MR 3 as given below: For implementing such a triple-band bandpass filter in microstrip form, we use a Rogers 4003 substrate with a dielectric constant of 3.38 and a thickness of 0.508 mm. The layout circuit is shown in Fig. 3(a) , and the dimensions are listed as: The measured and simulated responses of the triple-band bandpass filter are compared in Fig. 3(b) , and we can observe good agreement in center frequencies and bandwidths, except for small frequency shift due to fabrication errors. The largest insertion losses of the passbands are 3.1 dB, 2.6 dB and 2.8 dB respectively, and the return losses are lower than −10 dB for all passbands. High out-of-band rejections of more than 60 dB are achieved between every two adjacent passbands due to the three transmission zeros generated by the three triple-mode resonators. Since the filter is in a symmetric circuit, the transmission zeros provided by the 1 st and 3 rd triple-mode resonators are overlapping. The total dimension of the tripleband bandpass filter is about 55 mm Â 75 mm, and can be further reduced by folding the stubs and connecting transmission lines.
Conclusion
Semi-hidden Π-shaped multi-mode J inverter containing a connecting transmission line and two-side multi-mode capacitors is proposed and used to construct multiband bandpass filters. By merging the multi-mode capacitors into nearby multimode resonators, the coupling element get simplified with only one transmission line, which greatly simplifies high-order filter realization. Center frequencies and bandwidths are fully controllable by adjusting the susceptance plots of the multimode resonators. Triple-band bandpass filter circuit and design example are presented for validating the topology and synthesis method. Triple-stub circuits are used as triple-mode resonators and genetic algorithm is applied to extract the circuit parameters. The designed triple-band bandpass filter has simple circuit, high isolations and compact dimensions.
